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Abstract: This study provides a comprehensive understanding of the
polymeric

properties

of

lignin-based

non-isocyanate

poly(imine-

hydroxyurethane)s (LNIPUs). The properties of the LNIPUs are affected by
changes in the stoichiometric feed ratios of the bis(6-membered cyclic
carbonate) (BCC) and levulinate enzymatic hydrolysis lignin (LEHL). The

Chao Shen, master candidate;
E-mail: 3162516962@qq.com

results showed that the LNIPUs exhibited a short relaxation time and
excellent thermal repair and degradation properties. With a change in the
LEHL content in the LNIPUs to 45.53%, a relaxation time of only 9 s was
achieved, and the thermal repair rate of the scratches reached 93%.
Furthermore, the tensile strength of the LNIPUs decreased with an increase in
the LEHL content after two hot-pressing processes, while a higher than 75%
tensile strength was maintained after the second hot-pressing treatment. The
LNIPUs

exhibited

thermoresponsive

shape

memory

property

with

deformation and shape fixing at 80℃. In addition, the as-synthesized LNIPUs
were soluble in ethylene glycol in the absence of any organic solvents. This
work demonstrates the synthesis of LNIPUs with self-healing, reprocessing,
shape memory, and degradation properties.
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Introduction

produce

Lignin is the second most abundant natural polymer in
plants and shows great potential as a desirable
alternative raw material to fossil resources. However,
less than 2% of the millions of tons of industrial lignin
are used as natural stabilizers and surfactants for high

study

polyimine
[18]

,

we

thermosets.

first

In

synthesized

our

previous

NH2-terminated

polyhydroxyurethane (NPHU) prepolymers using bis(6membered cyclic carbonate) (BCC) and diamines via a
ring-opening reaction, and obtained the lignin-based nonisocyanate poly(imine-hydroxyurethane)s (LNIPUs) via

value-added products [1], while the rest is disposed of or

a Schiff base reaction between the levulinate lignin

burned as low-value fuel. Lignin has been applied in a

derivatives and the NPHUs. The structural, mechanical,

variety of products, including polyurethane (PU)

and

[2]

,

epoxy resin [3], and phenol resin [4]; however, the use of

thermal

properties

of

the

LNIPUs

were

comprehensively studied.
In this study, in addition to investigating the

lignin as a polyol in PU foam production is arguably

mechanical and thermal properties of the LNIPUs, the

the most advanced and studied application.
PUs are among the most widely used polymers

effects of varying the stoichiometric feed ratios of BCC

worldwide, with an estimated annual production of 29

and LEHL, self-healing, thermal repair, reprocessing,

billion kg in 2020

. However, isocyanates, the main

shape-memory capability, and degradation properties of

component in the synthesis of PUs, are toxic, and the

LNIPUs were comprehensively investigated. These

synthesis of isocyanates involves extremely hazardous

materials represent a significant step forward in the

substances, such as phosgene

. There have been

development of a sustainable approach to the synthesis

several attempts to prepare PUs without using

of LNIPUs with self-healing, reprocessing, and

isocyanates [7]. Thus, the preparation of environmentally

degradation properties.

friendly non-isocyanate polyurethanes (NIPUs) as an

2

[5]

[6]

alternative has attracted increasing attention owing to

Experimental

2.1

its use in green materials and procedures [8-12].

Materials

Currently, lignin or lignin-derived monomers used in

Enzymatic hydrolysis lignin (EHL) was purchased

the synthesis of NIPUs are produced through cyclic

from Longlive Biological Technology Co., Ltd.

carbonate-functionalized lignin derivatives, which are

(Shandong

mainly obtained via the glycidylation of lignin,

characteristics of lignin were reported in our previous

followed by cycloaddition with CO2

study

. However,

[13-15]

this strategy requires highly toxic epichlorohydrin and
high-pressure equipment to achieve the insertion of
CO2. Furthermore, Kühnel et al

[16]

reported the

preparation of cyclic carbonate-functionalized lignin
through the oxyalkylation of lignin with glycerol
carbonate to insert adjacent hydroxyl groups, and its
subsequent reaction with dimethyl carbonate via a
transesterification. However, this method leads to large
amounts

of

coproducts

associated

with

the

oxyalkylation (CO2) and transesterification (MeOH)
reactions. Huang et al

[17]

reported a facile strategy for

[19]

province,

China).

The

chemical

. Levulinic acid (LA), N, N'-dicyclohexyl-

carbodiimide

(DCC),

JEFFAMINE®

D-400

polyoxypropylenediamine (D-400), 4-dimethylaminopyridine (DMAP), and pentafluorobenzaldehyde were
purchased

from Aladdin

(Shanghai,

China).

Di

(trimethylopropane) (98%) was purchased from J&K
Scientific (Beijing, China) and used as received.
Diphenyl carbonate was purchased from Sinopharm
(Beijing, China). All the reagents were of chemical
grade.
2.2

Methods

the modification of lignin with levulinic acid via

2.2.1 Preparation of the LNIPUs

esterification. The levulinate enzymatic hydrolysis

The NPHU prepolymers were synthesized according to

lignin (LEHL) could be reacted with diamines to

our previous study

02
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[18]

by using different amounts of
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BCC (0.9676, 0.9192, 0.8708, 0.6774, and 0.4838 g)

using a razor blade, and the width of the crack (D1) was

and D-400. LEHL was obtained via an esterification

measured using a microscope. The film was then

reaction between EHL and LA. A series of LNIPUs

placed between two tin plates, and two clips were used

were prepared using different NPHU prepolymers and

to fix the tin plates in place. The samples were placed

varying the LEHL content (0.07, 0.15, 0.89, and 1.47 g).

in a convection oven at 130℃ for 5 min, and the width

By varying the molar ratios of the BCC cyclic

change of the crack (D2) was measured using a micro‐

carbonate groups and LEHL ketone groups (denoted as

scope. The thermal repair rate (Rr) was calculated using

BLx:y, of which x∶ y=BCC: LEHL =100∶ 0, 95∶ 5,
percentages of LEHL in the LNIPUs were varied

the following equation.
D1 - D2
R r (% ) =
× 100%
D2

between 0, 3.24%, 6.42%, 31.13%, and 45.53% to

2.2.2.4 Reprocessing property

produce BL100:0, BL95:5, BL90:10, BL70:30, and BL50:50,

The reprocessing properties of the samples were

respectively.

characterized by measuring the changes in the

2.2.2 Characterization

mechanical properties before and after processing. The

2.2.2.1 Relaxation property

samples were cut into tiny fragments and hot pressed in

Stress relaxation analysis was performed on a DMA

a mold to reshape. The mechanical properties of the

Q800 instrument (TA Instrument, US). The film sample

reprocessed samples were tested using an AI-7000-

(30 mm×5 mm×0.5 mm) with uniform thickness was

AGD testing instrument. All samples containing

heated at 140℃ and equilibrated for 10 min. A constant

DMAP were reprocessed at 130℃ and 10 MPa for 1 h.

axial force (2 N) was applied to the sample to maintain

2.2.2.5 Shape memory property

good contact between the sample and the parallel

The shape memory property of the samples were

plates, and the relaxation modulus versus time was re‐

characterized using a heating and cooling process.

corded under a constant strain of 5%.

2.2.2.6 Degradation property

2.2.2.2 Self-healing property

In a 20 mL vial, the as-synthesized sample of 200 mg

The self-healing property of the samples were

was added to 10 mg DMAP and 5 mL ethylene glycol.

evaluated using an AI-7000-AGD testing instrument

The mixture was then heated on a hot plate at 140℃

(Gotwell, China). The samples were cut perpendicular

and the degradation property was investigated.

to the tensile direction and then connected to the

3

90∶ 10, 70∶ 30, and 50∶ 50, w/w), the weight

fracture surfaces. Healing was performed for 5 min at

(2)

Results and discussion

110℃ and 10 MPa, and subsequently tested. A

3.1

stretching rate of 5 mm/min was used at room

In our previous study

temperature. The self-healing efficiency was quantified

tunable properties through a two-step method. First, the

by comparing the fracture stress ratio of the healed

NPHU prepolymers were formed by reacting BCC and

sample to that of the pristine sample, as the following

excess D-400 in a ring-opening reaction. Subsequently,

equation.

LEHL were reacted with the unconsumed amino

Self -healing efficiency (% ) =

σ ( healed )
σ ( pristine )

× 100% (1)

Characterization of the LNIPUs
[18]

, we synthesized LNIPUs with

groups of the NPHU prepolymer through a Schiff base
reaction. The obtained LNIPUs were subsequently

2.2.2.3 Thermal repair property

molded into different shapes under thermal conditions

The thermal repair property of the samples were inves‐

for further characterization. The structural, mechanical,

tigated by monitoring the recovery of the scratches us‐

and thermal properties of the different LNIPUs were

ing an Olympus BX51 microscope (Olympus, Japan).

fully characterized. In this study, the effects of varying

The film was scratched to form a crack on the surface

the LEHL content on the relaxation, self-healing,
Vol.6, No.3, 2021
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Scheme 1

Schematic illustration of the LNIPU preparation process

thermal repair, reprocessing, shape memory, and
degradation

properties

of

the

LNIPUs

1.0

BL95:5
BL90:10
BL70:30
BL50:50

were
0.8

3.2

0.6

Relaxation property of the LNIPUs

The effect of a change in the LEHL content on the
relaxation property of the LNIPUs was investigated.
Fig. 1 shows the evolution of the relaxation modulus
at 140℃; the characteristic relaxation time (τ*) was

G(t)/G0

comprehensively investigated (Scheme 1).

0.4
0.2

determined as the sample relaxed to G/G0 = 1/e of its

0

initial modulus. All the samples exhibit clear stress

500
Time/s

1000

relaxation behavior at 140℃. Sample BL50:50, containing

Fig. 1

45.53% LEHL, shows a τ* value of only 9 s, which is

The dotted lines at G/G0 = 1/e represent the characteristic

lower than that reported in other studies

[20-22]

.

Stress-relaxation curves of the LNIPUs at 140℃.
relaxation time (τ*)

Furthermore, according to previous reports, because the

thermal stimulus. To explore the self-healing property

complex macromolecular structure of lignin restricts

of the samples, the original samples were cut

chain segment motion of the crosslinked network,
slower relaxation rates are always obtained when
increasing the amount of lignin in LNIPUs

[22]

.

However, in this study, the relaxation time of the

perpendicular to the tensile direction and the fracture
surfaces connected; the healing process was conducted
at 110℃ and 10 MPa for 5 min. As shown in Fig. 2, the

LNIPUs gradually decreased with an increase in the

healed sample forms with no discernible interface

LEHL content. This is probably because an increase in

between the overlapped areas. Tensile testing shows

the LEHL content promotes the transcarbamoylation

that self-healing efficiencies of 75% and 68% were

and transesterification reactions in the network of the

achieved for samples BL70:30 and BL50:50, respectively.

LNIPUs

Furthermore, the self-healing efficiencies of the

. These results are further confirmed in the

[23]

following sections.

LNIPUs decrease with a further increase in the LEHL

3.3

content. These results suggest that excess lignin hinders

Self-healing property of the LNIPUs

Owing to the dynamic covalent bonds in the

the movement of the polymer chain segments,

crosslinked network, the LNIPUs can be healed under a

restricting recovery of the covalent network [22, 24].

04
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(a)
Original BL70:30

Self-healed BL70:30

10 MPa
110℃, 5 min

Original BL50:50

(b)

(c)

3.0

Original BL70:30
BL70:30 after healing

Original BL50:50
BL50:50 after healing

2.5

1.5

Stress/MPa

Stress/MPa

2.0

Self-healed BL70:30

1.0
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0.5

0.5
0

Fig. 2
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Self-healing display of BL70:30 and BL50:50 (a), stress-strain curves of the original and self-healed BL70:30 (b) and BL50:50 (c)

Thermal repair property of the LNIPUs

(a1)

(b1)

To investigate the effect of varying the LEHL content
0 min

on the thermal repair ability of the LNIPUs, the

5 min
8.44 μm

49.98 μm

surfaces of the samples were scratched, and the widths
of the scratches were observed under a polarizing
microscope. Optical images of BL70:30 and BL50:50 were
obtained during testing by making use of a microscope,

(a2)

(b2)

as shown in Fig. 3. After conducting a heat treatment at

0 min

130℃ for 5 min, Rr values of 83% and 93% were

76.55 μm

achieved for the scratches on samples BL70:30 and

5 min
5.63 μm

BL50:50, respectively. The results indicate that the
LNIPUs has excellent thermal repair property, which is
better than those of previously reported lignin-based
vitrimers

[20-21]

. This can be attributed to the highly

efficient dynamic exchange reaction at the scratch
surface of the LNIPUs under external thermal
stimulation.
3.5

Fig. 3

Thermal repair of BL70:30 (a1, b1) and BL50:50 (a2, b2) at

130℃ for 5 min imaged using a polarizing microscope

materials were cut into pieces and treated at 130℃ and
10 MPa for 1 h. To comprehensively investigate the
effects of varying the LEHL content and cycle
processing on the reprocessing property of the LNIPUs,

Reprocessing property of the LNIPUs

samples BL70:30 and BL50:50 were subjected to a two-

The fragmented pieces of the LNIPUs can be

round hot-pressing treatment and further examined. As

reprocessed into shape by hot pressing in a mold. In

shown in Fig. 4 and Table 1, the LNIPUs maintained a

our previous study

, we tested the reprocessing

tensile strength higher than 75% after two hot-pressing

ability of the LNIPUs using a DMAP catalyst. The

treatments. Furthermore, a comparison between the

[18]
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3.0 (a)
2.5

3.0

Stress/MPa

Stress/MPa

2.0
1.5
1.0

2.5
2.0
1.5
Original BL50:50
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Fig. 4

3.5 (b)

Original BL70:30
1st reprocessed BL70:30
2nd reprocessed BL70:30

50
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250
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0
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Stress-strain curves of samples BL70:30 (a) and BL50:50 (b) after the first and second hot-pressing treatments

Table 1

Comparison of mechanical properties for BL70:30 and BL50:50 after two hot-pressing treatments

Sample

Tensile strength/MPa

Elongation at break/%

Young's modulus/MPa

Toughness/(MJ·m−3)

Original BL70:30

2.00

283.94

3.39

3.18

1st reprocessed BL70:30

1.67

235.64

3.67

2.33

2nd reprocessed BL70:30

1.86

203.04

5.93

2.33

Original BL50:50

2.86

150.51

41.05

3.56

1st reprocessed BL50:50

2.15

52.36

32.20

0.98

2nd reprocessed BL50:50

2.28

55.96

34.23

1.15

tensile strengths of samples BL70:30 and BL50:50 indicates

lignin

that the tensile strength of the LNIPUs clearly decrease

property of the LNIPUs were investigated by a simple

with an increase in the LEHL content after two hot-

heating and cooling process. As shown in Fig. 5,

pressing treatments. In addition, the tensile strength
slightly

improves

after

the

second

hot-pressing

treatment. These results indicate that the LNIPUs are

. The thermoresponsive shape memory

[26]

sample BL90:10 (flat shape) was first heated at 80℃ for

10 min and then temporarily fixed in the "U" shape by
a subsequent cooling process at room temperature.

mostly healed after two hot-pressing treatments. A

When the temperature was increased to 80℃ again

reprocessing mechanism for the LNIPUs is proposed in

under stress-free conditions, the "U" shape rapidly

Scheme 2. The carbamate and ester bonds can undergo

reverted to its original flat state owing to the rubbery

transcarbamoylation and transesterification reactions at

state

elevated temperatures in the presence of a DMAP

Subsequently, after deformation and shape fixing at

catalyst, leading to rearrangement of the chemical

80℃ , the flat shape could further be reshaped into a

crosslinking networks. This endows the LNIPUs with

"helix" shape, and the flat shape subsequently

good reprocessing property.

recovered by following the same "heating-cooling"

3.6

procedure.

Shape memory capability of the LNIPUs

of

the

NPHU

prepolymer

and

lignin.

In addition to the self-healing and reprocessing abilities

3.7

of the LNIPUs, they demonstrate a shape-memory

Transcarbamoylation exchange reactions in PUs can

capability. Shape memory polymers typically contain

often depolymerize the macromolecular chains into

hard

small molecules in the presence of small amounts of

segments

morphology,

responsible

while

for

the

deformation above their Tg

soft

their

permanent

segments

allow

Degradation property of the LNIPUs

alcohol

. As shown in Fig. 6, sample BL50:50 of

[27]

. Here, lignin acted as a

200 mg was mixed with 10 mg DMAP and 5 mL

hard segment for rapid and full shape recovery when

ethylene glycol, and the mixture was heated at 140℃

the LNIPU film was molded in the rubbery state of

for 20 h. The as-synthesized LNIPUs mostly dissolved
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Proposed reprocessing mechanism for the LNIPUs

Recovering to 80℃

(Cool to room temperature)

Recovering at 80℃

(Cool to room temperature)

Shaping at 80℃, 10 min
(Cool to room temperature)

Reshaping at 80℃
(Cool to room temperature)

Fig. 5

Images of the shape memory behavior of the LNIPUs (BL90:10)

DMAP 140℃, 20 h
Ethylene glycol

Fig. 6

Alcoholysis-triggered degradation of BL50:50 in ethylene glycol
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in ethylene glycol in the absence of any organic
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